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A  hybrid  system  consisting  of  an  AFC  (Alkaline  Fuel  Cell),  a  TEG  (Thermoelectric  Generator) 
and  a  regenerator  is  put  forward,  where  the  AFC  converts  the  chemical  energy  in  the 
hydrogen  into  electrical  energy  and  thermal  energy,  and  the  released  thermal  energy  is 
subsequently  converted  into  electrical  energy  through  the  bottoming  TEG.  The  main  irre¬ 
versible  losses  in  each  element  of  the  hybrid  system  are  characterized,  and  numerical 
expressions  for  the  efficiency  and  power  output  of  the  AFC,  TEG  and  hybrid  system  are 
respectively  derived.  The  fundamental  relation  between  the  operating  current  density  of 
the  AFC  and  the  dimensionless  current  of  the  TEG  is  obtained,  from  which  the  region  of  the 
operating  current  density  of  the  AFC  that  the  TEG  exerts  its  function  is  determined.  By 
employing  such  a  hybrid  system,  the  equivalent  maximum  power  density  of  the  AFC  can 
be  increased  by  up  to  23%.  The  effects  of  the  operating  current  density,  operating  tem¬ 
perature,  heat  conductivity,  and  integrated  parameter  on  the  performance  of  the  hybrid 
system  are  revealed.  The  results  obtained  in  the  present  paper  will  provide  some  theo¬ 
retical  guidance  for  the  performance  improvement  of  the  AFC. 

Copyright  ©  2014,  Hydrogen  Energy  Publications,  LLC.  Published  by  Elsevier  Ltd.  All  rights 

reserved. 


Introduction 

Fuel  cells  have  the  potential  to  lower  the  environmental 
burden  of  meeting  domestic  energy  needs,  particularly 
greenhouse  gas  emissions  and  primary  energy  consumption 
[1].  Low-temperature  fuel  cells,  can  be  widely  used  in  the  fields 
such  as  power  generation,  transportation,  and  portable 
power,  which  constitute  an  important  element  in  pollution- 
free  energy  conversion  [2,3].  Because  the  predicted  low  cost 
and  high  durability  in  PEMFCs  remain  problematic,  a  resur¬ 
gence  of  interest  in  the  AFC  (Alkaline  Fuel  Cell)  has  been 


attracted  in  recent  years  [4—9].  AFCs  can  be  manufactured 
from  relatively  standard  materials  and  do  not  need  precious 
metals  or  energy  intensive  sintering,  and  their  balance  of 
plant  is  less  complicated  than  that  of  other  type  fuel  cell 
systems. 

However,  the  major  drawback  of  an  AFC  is  its  comparative 
low  power  density,  which  becomes  a  critical  factor  that  re¬ 
stricts  the  widely  commercialization  of  AFCs  [10].  The 
maximum  power  density  obtained  from  AFCs  has  undergone 
many  advances  in  recent  years  not  only  due  to  the  progresses 
in  catalysts  and  electrode  materials  but  also  due  to  the  opti¬ 
mized  operating  conditions  and  fuel  cell  design  [11].  As  an 
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Fig.  1  -  The  schematic  diagram  of  an  AFC -TEG  hybrid 
system. 


alternative  approach,  the  equivalent  maximum  power  density 
of  low-temperature  fuel  cells  can  be  also  effectively  elevated 
by  employing  cogeneration  systems  to  recover  the  waste  heat 
produced  in  the  fuel  cell  for  other  applications  [12-18].  Zhang 
et  al.  [12]  established  a  new  three-heat-reservoir  cycle  based 
AFC  hybrid  system  and  found  that  the  waste  heat  produced  in 
the  AFC  can  be  readily  used  in  such  a  system.  Hwang  et  al. 
[15,16]  developed  a  heat  recovery  unit  and  implemented  it  in  a 
PEM  fuel  cell  cogeneration  system  to  produce  electricity  and 
hot  water  simultaneously.  Ishizawa  et  al.  [17]  presented  a 
PAFC  (phosphoric  acid  fuel  cell)  energy  system  for  telecom¬ 
munication  cogeneration  systems,  where  the  PAFCs  are 
applied  to  provide  electrical  power  to  telecommunication 
equipment  and  the  waste  heat  is  used  by  absorption  re¬ 
frigerators  to  cool  the  telecommunication  rooms.  Zhao  et  al. 
[18]  carried  out  the  parametric  studies  on  a  hybrid  power 
system  by  integrating  a  PEM  fuel  cell  stack  with  an  organic 
Rankine  cycle  to  recover  the  waste  heat  from  PEM  fuel  cell 
stack. 

TEG  (Thermoelectric  Generator)  can  convert  thermal  en¬ 
ergy  into  electricity  due  to  the  Seebeck  effect,  which  is 
regarded  as  one  of  the  potential  candidates  for  renewable 
energy  conversion  [19,20].  Besides  being  environmentally 
friendly,  TEGs  have  many  other  advantages  such  as  being 
highly  reliable,  adapting  to  different  kinds  of  heat  reservoirs 
and  having  no  moving  parts.  Therefore,  TEGs  have  received 
more  and  more  attention  in  scientific  community  especially  in 
the  aspect  of  low-level  waste  heat  recovery  [21].  Obviously,  the 
waste  heat  generated  in  the  AFC  can  be  further  converted  into 
electricity  through  a  bottoming  TEG  and  thus  the  equivalent 
maximum  power  density  of  AFC  can  be  effectively  enhanced. 

In  the  present  paper,  a  hybrid  system  mainly  composed  of 
an  AFC,  a  TEG  and  a  regenerator  is  put  forward  to  increase  the 
equivalent  maximum  power  density  of  the  AFC.  The  perfor¬ 
mance  of  the  hybrid  system  is  evaluated  by  taking  the  main 
irreversible  losses  in  each  element  of  the  system  into  account. 
The  availability  of  the  hybrid  system  will  be  validated  and  the 
effects  of  some  operating  conditions  and  designing  parame¬ 
ters  on  the  performance  of  the  hybrid  system  will  be  revealed. 
Some  possible  problems  that  should  be  aware  in  the  practical 
operation  of  the  hybrid  system  are  posed. 


An  AFC-TEG  hybrid  system 

The  hybrid  system  established  here  consists  of  an  AFC,  a  TEG 
and  a  regenerator,  where  the  TEG  is  closely  attached  to  the 
AFC,  as  schematically  shown  in  Fig.  1.  The  AFC  acts  as  the 
high -temperature  heat  reservoir  of  the  TEG  which  generates 
an  additional  power  generation,  and  the  regenerator  is  applied 
to  preheat  the  incoming  fuel  and  oxidant  with  the  compara¬ 
tive  high-temperature  exhaust  product  from  the  AFC.  By  using 
such  a  hybrid  system,  the  heat  produced  in  the  AFC  can  be 
effectively  harvested,  and  consequently,  the  equivalent 
maximum  power  density  of  the  AFC  can  be  improved.  Below, 
each  component  in  the  hybrid  system  will  be  analyzed,  and 
then  the  performance  characteristics  of  the  global  system  will 
be  synthetically  investigated. 

The  AFC 

The  AFC  directly  converts  the  chemical  energy  of  the 
incoming  hydrogen  into  the  electrical  and  thermal  energies,  it 
is  mainly  composed  of  an  anode  and  a  cathode  with  KOH 
solution  as  an  electrolyte  sandwiched  between  the  two  elec¬ 
trodes.  The  AFC  is  operated  by  introducing  hydrogen  as  fuel 
and  oxygen  as  oxidant  to  the  anode  and  cathode,  respectively. 
At  the  anode,  hydrogen  reacts  with  hydroxyl  ions  available  in 
the  KOH  solution  into  water  and  releases  electrons  to  the 
external  electric  circuit.  At  the  cathode,  oxygen  reacts  with 
water  into  hydroxyl  ions  with  the  help  of  the  reaching  elec¬ 
trons.  The  overall  electrochemical  reaction  is 

1 

H2  +  -  02->H20  +  Heat  +  Electricity.  (1) 

As  previously  described  in  Ref.  [22],  some  irreversible  los¬ 
ses  in  the  AFC  are  inevitably  when  the  above  electrochemical 
reaction  is  occurred,  and  these  irreversible  losses  can  be 
characterized  in  terms  of  activation  overpotential  (Vact),  con¬ 
centration  overpotential  (Vcon)  and  ohmic  overpotential 
(V0hm).  By  considering  these  three  overpotentials,  the  power 
output  and  efficiency  of  an  AFC  can  be,  respectively, 
expressed  as  [22] 

P  AFC  =  j-A(B  —  Vact  —  V0hm  —  Vcon)?  (2) 

and 

Vafc  =  (E  -  Vact  -  Vcon  -  Vohm),  (3) 

—AH  ~An 

where  E  =  [-Ag°f  +  (T  -  T0)As°  +  RT  ln(pH2  vfo^/PH2o)]/neF  is  the 
equilibrium  potential;  Agj?  is  the  standard  molar  Gibbs  free 
energy  change  at  reference  condition  (T0  =  298  K,  p0  =  1  atm), 
As0  is  the  standard  molar  entropy  change,  both  of  them  can  be 
founded  in  Ref.  [22  ;  R  is  the  universal  gas  constant;  T  is  the 
operating  temperature  of  the  AFC;  ne  is  the  number  of  mole 
electrons  transferred  per  mole  hydrogen;  F  is  the  Faraday's 
constant;  pHl,  p0l  and  pHl0  are  respectively  the  partial  pres¬ 
sures  of  H2, 02,  and  H20,  and  the  water  produced  is  assumed  to 
be  in  liquid  phase,  such  that  pH2o  =  1  atm;  j  is  the  electric 
current  density;  A  is  the  polar  plate  area  of  the  AFC; 

(—AH )  =  - jAAh/(neF )  is  the  total  energy  released  per  unit 
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time,  Ah  is  the  molar  enthalpy  change  at  temperature  T; 
Vact  =  RTln(j7jo)/(jSncF),  is  the  transfer  coefficient, 
jo  =  Ci  exp(-c2/T)  is  the  exchange  current  density,  Ci  and  c2  are 
two  constants;  Vcon  =  RT  ln[jL/(jL  -  j)\/((3neF),  Jl  is  the  limiting 
electric  current  density;  V0hm  =  jteieA,  tele  is  the  thickness  of 
the  aqueous  KOH  electrolyte,  k  is  the  specific  conductivity  of 
the  aqueous  KOH  solution  electrolyte  which  is  related  to  the 
operating  temperature  and  KOH  solution  concentration,  and 
there  exists  an  optimum  electrolyte  concentration  for 
different  operating  temperature  at  which  the  ohmic  over¬ 
potential  achieves  its  minimum  22]. 

The  regenerator 

The  regenerator  in  the  hybrid  system  acts  as  a  counter-flow 
heat  exchanger,  which  heats  the  reactants  from  the  ambient 
temperature  to  the  operating  temperature  of  AFC  by  using  the 
heat  contained  in  the  comparative  high -temperature  product. 
If  the  efficiency  of  the  regenerator,  e,  equals  to  100%,  the 
regenerator  is  ideal  and  an  additional  heat  input  is  unnec¬ 
essary.  Owing  to  the  existence  of  thermal  resistance,  some 
regenerative  losses  are  inevitable  and  some  additional  heat 
from  the  AFC  should  be  transferred  to  compensate  the  losses. 
Assuming  the  rate  of  the  regenerative  losses  is  directly  pro¬ 
portional  to  the  temperature  difference  between  the  AFC  and 
the  environment,  the  regenerative  losses  is  given  by  Refs. 
[23,24] 


qre=KreAre(l-E)(T-To),  (4) 

where  Kre  and  Are  are,  respectively,  the  heat-transfer  coeffi¬ 
cient  and  heat-transfer  area  of  the  regenerator. 

The  TEG 

The  TEG  in  the  hybrid  system  is  composed  of  many  n-  and  p- 
type  semiconductor  legs  that  are  connected  electrically  in 
series  by  metal  strips  and  thermally  in  parallel,  as  show  in 
Fig.  2.  The  thermoelectric  generating  elements  are  assumed 
to  be  insulated,  both  electrically  and  thermally,  from  their 
surroundings,  except  at  the  junction-reservoir  contact.  The 
current  is  assumed  to  flow  along  the  arms  of  the  generator. 
When  the  TEG  operates  stably,  the  boundary  conditions  are 
determined  by  Ta(0)  =  T2  (0)  =  ....T*  (0)  =  ...  =  Tn  (0)  =  T  and 
Ti(L)  =  T2(L)  =  ...,T;(L)  =  ...  =  Tn(L)  =  T0,  where  L  is  the  arm 
length  of  the  generator.  For  simplification,  the  temperature 
of  the  hot  junction,  Tly  is  assumed  to  be  equal  to  that  of  the 
AFC,  T,  and  the  temperature  of  the  cold  junction,  T2,  is 
assumed  to  be  equal  to  that  of  the  environment,  T0.  Thus,  the 


heat  conductions  of  a  multi-couple  TEG  between  the  AFC  and 
the  environment  can  be,  respectively,  expressed  as  follows 

[25,26] 

qi  =  aIgT-0.5I*R  +  K(T-To),  (5) 

and 


q2  =  algTo  +  0.5IgR  +  K(T  -  T0),  (6) 

where  a  =  (ap  +  an)m  is  the  total  Seebeck  coefficient,  the 
subscripts  “p”  and  “n”  stand  for  p-  and  n-type  semi¬ 
conductors,  m  is  the  number  of  TEG  couples; 
R  =  (pplp/Sp  +  pnln/Sn)m  is  the  total  electrical  resistance,  p  is 
the  electrical  resistivity,  I  is  the  length  of  the  semiconductor 
arms,  S  is  the  cross-sectional  areas  of  semiconductor  arms; 
K  =  ( KpSp/lp  +  KnSn/ln)m  is  the  total  thermal  conductance,  k  is 
the  thermally  conductivity  of  the  semiconductor  materials;  Ig 
is  the  operating  electrical  current  of  a  multi-couple  TEG,  I2R 
represents  the  Joule  heat  resulted  from  the  electrical  resis¬ 
tance  in  the  TEG;  and  K(T  -  T0)  denotes  the  heat  leak  due  to 
the  temperature  difference  between  the  hot  and  cold  junc¬ 
tions.  It  has  been  proved  by  Holman  [27]  that  when  the 
relation  between  the  structure  parameters  Ip/Sp  and  In/Sn,  i.e., 

In/Sn  =  (' ln/Sn)^Knpp/KPpn ,  is  satisfied,  the  geometric  configu¬ 
ration  of  the  TEG  is  in  the  optimum  form  and  the  electrical 
resistance  and  thermal  conductance  of  a  multi-couple  TEG 
can  be,  respectively,  expressed  as 


--I 


(7) 


K  =  m  [  kp  + 


KpKnPn \  /Sp 


Pp 


ju  y 


(8) 


Using  Eqs.  (5)  and  (6),  the  power  output  and  efficiency  of  the 
TEG  can  be,  respectively,  expressed  as  [28] 


Pteg  =  qi  -  q2  =  K(T  -  T 0)J  -  KJ2/Z, 

and 


(9) 


PTEG  Z(T-T0)J-;2 

%EG  q,  Z(T-T0)+ZTJ-;2/2’  [  ' 

where  )  =  alg/K  and  Z  =  a2/(K R)  are,  respectively,  the  dimen¬ 
sionless  current  and  the  figure  of  merit  of  the  TEG.  As 
described  by  Eqs.  (9)  and  (10),  both  the  power  output  and  the 
efficiency  are  larger  than  zero  when  some  heat  are  transferred 
from  the  AFC  to  the  TEG,  i.e.,  PTEg  >  0  and  pTEG  >  0,  and  thus  the 
dimensionless  current  of  the  TEG  is  located  in  the  following 
region 

0<;<Z(T-T0).  (11) 

The  efficiency  and  power  output  of  the  hybrid  system 

As  illustrated  in  Fig.  1,  the  total  thermal  energy  released  in  the 
AFC  is  divided  into  three  parts.  Besides  the  part  used  to 
replenish  the  regenerative  losses,  another  part  is  transferred 
to  the  TEG  for  electricity  generation  and  the  rest  part  is 
directly  leaked  into  the  environment  via  convective  and/or 
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conductive  heat  transfer.  The  part  leaked  into  the  environ¬ 
ment  can  be  expressed  as  [29,30] 

qL  =  aLAL(T-T0),  (12) 

where  aL  is  the  convective  and/or  conductive  heat-leak  coef¬ 
ficient  and  Al  is  the  effective  heat-transfer  area.  According  to 
the  first  law  thermodynamics,  the  part  of  the  heat  transferred 
to  the  TEG  is  given  by 


jc<j<)M-  (17) 

Based  on  Eqs.  (2),  (3),  (9),  (10)  and  (16),  the  numerical  ex¬ 
pressions  of  the  power  output  and  efficiency  of  the  hybrid 
system  can  be,  respectively,  expressed  as 

P  =  Pafc  +  Pteg  =  VjA  +  KT0  [(T/T0  -  1 ))  -  f/{ZT0)] ,  (18) 

and 


qi  =  -AH 


—  Pafc  —  qre  — 


AAh 

neF 


(1  —  Vafc)J 


neFc3(T  —  T0) 

^Ah 


(13) 


where  c3  =  [KreAre(l  -  e)  +  «LAL]/A  is  an  integrated  parameter 
which  is  related  to  the  heat  transfer  irreversibilities,  effective 
heat-transfer  areas  and  polar  plate  area  of  the  AFC. 

By  considering  the  heat  leak  between  the  hot  and  cold 
junctions,  the  TEG  in  the  hybrid  system  begins  to  exert  its 
function  only  when  the  following  condition  is  satisfied: 


Pafc  +  Pteg  ^  neFKT0[(T/T0  -  1 )/  -J2/(ZT0)] 

V  =  - i -  =  ^AFC  H - 


-AH 


-j  AAh 


(19) 


It  is  worthwhile  to  mention  that  j  and  )  in  Eqs.  (18)  and  (19) 
are  not  independent  of  each  other,  and  the  relationship  be¬ 
tween  j  and  )  is  given  by  Eq.  (16). 


Results  and  discussion 


-AH  -  Pafc  >  qre  +  qL  +  K(T  -  T0) .  (14) 

Substituting  Eqs.  (2),  (4)  and  (12)  into  Eq.  (13),  Eq.  (14)  can  be 
further  explicitly  rewritten  as 


j>jc  = 


neF 

_— Ah(l  —  ?7afc)_ 


[c3(T-T0)+K(T 


To)/A], 


(15) 


where  jc  is  the  critical  operating  current  density  of  the  AFC 
from  which  the  TEG  in  the  hybrid  system  starts  to  work.  When 
j  >  jc,  the  fundamental  relation  between  the  operating  current 
density  of  the  AFC,  j,  and  the  dimensionless  current  of  the 
TEG,  J,  is  determined  by  the  following  equation: 


2ZA 

J2  -  2ZTJ  -  2Z(T  -  T0)  +  — 
K 


—Ah 

n  p  (1  —  Vafc)J  ~  c3CP  —  To) 


=  0. 


(16) 


Combining  Eqs.  (11)  and  (16),  one  may  easily  determine  the 
maximum  operating  current  density  of  the  AFC,  jM,  from 
which  the  TEG  in  the  hybrid  system  stops  working.  Thus,  the 
TEG  in  the  hybrid  system  is  not  operated  in  the  entire  oper¬ 
ating  current  density  region  of  AFC  but  works  in  the  following 
region 


Table  1  -  Parameters  used  in  the  modeling  [22,31-33]. 

Parameter 

Value 

Faraday  constant,  F  (C  mol-1) 

96,485 

Number  of  electrons,  ne 

2 

Universal  gas  constant,  R  (J  mol  1  K-1) 

8.314 

Fuel  composition,  PH2 ;  Pjj^Q  (atm) 

0.97;  0.03  [22] 

Partial  pressure  of  02,  Po2  (atm) 

1 

Partial  pressure  of  product  H20,  Ph2o  (atm) 

1 

Constant,  ca  (A  m-2) 

174,512  [31] 

Constant,  c2  (K) 

5485  [31] 

Constant,  c3  (W  m-2  K-1) 

1.0  [31] 

Transfer  coefficient,  (3 

0.1668  [31] 

Limiting  current  density,  jL  (A  m-2) 

2000  [31] 

Thickness  of  the  electrolyte,  teie  (m) 

0.001  32] 

Effective  area  of  the  AFC,  A  (m2) 

9.0  x  10-4 

Temperature  of  the  AFC,  T  (K) 

353 

Temperature  of  environment,  To  (K) 

298.15 

Heat  conductivity,  K  (W  K-1  m-1) 

1.5  x  10-2  [33] 

As  shown  by  Eqs.  (18)  and  (19),  the  performance  of  the  TEG- 
based  AFC  hybrid  system  depends  on  a  set  of  thermody¬ 
namic  and  electrochemical  parameters  such  as  the  operating 
temperature,  electric  current  density,  electrolyte  thickness, 
electrolyte  concentration,  electrical  resistance  and  thermal 
conductance  of  the  TEG,  figure  of  merit  of  the  thermoelectric 
materials,  structure  parameters  of  the  TEG,  and  so  on.  To 
quantitatively  investigate  the  influence  of  these  parameters 
on  the  performance  of  the  hybrid  system,  numerical  calcula¬ 
tions  are  carried  out  based  on  the  parameters  summarized  in 
Table  1  [22,31-33],  and  these  parameters  are  kept  constants 
unless  specifically  mentioned. 

The  efficiency  and  the  power  density  of  the  hybrid  system 
varying  with  the  operating  current  density  of  the  AFC  are 
clearly  shown  in  Figs.  3  and  4,  where  P*  =  P/A  is  the  power 
density,  P^ax  is  the  maximum  power  density,  and  jP  is  the 
operating  current  density  corresponding  to  P^ax.  R  is  observed 
that  the  power  density  of  the  hybrid  system  first  increases  and 
then  decreases  as  the  operating  current  density  is  increased, 
while  the  efficiency  first  rapidly  decreases  then  slightly  in¬ 
creases  and  finally  decreases  as  the  operating  current  density 
increases.  The  efficiency  slightly  increases  in  the  region  of 
jc  <j  <Jm  because  the  increase  in  the  efficiency  contributed  by 
the  TEG  is  larger  than  the  decrease  in  efficiency  caused  by  the 
AFC.  For  the  typical  parameters  given  in  Table  1,  numerical 
calculation  shows  that  the  power  density  of  the  hybrid  system 
attains  its  maximum  P^ax,  204.48  W/m2,  when  the  operating 
current  density  j  =  1051  A/m2,  while  the  power  density  of  the 
AFC  achieves  its  maximum  PAFc,max>  166.20  W/m2,  when  the 
operating  current  j  =  934  A/m2,  and  the  maximum  power 
density  of  the  hybrid  system  is  about  23%  larger  than  that  of 
the  sole  AFC.  Meanwhile,  the  efficiencies  of  the  hybrid  system 
and  AFC  corresponding  to  their  maximum  power  densities  are, 
respectively,  13.1%  and  11.9%,  and  the  efficiency  of  the  hybrid 
system  is  about  10.1%  larger  than  that  of  the  sole  AFC.  It  clearly 
shows  that  the  performance  of  the  AFC  can  be  effectively 
enhanced  by  coupling  TEGs  to  the  AFCs  for  further  converting 
the  produced  waste  heat  into  electricity,  and  the  increase  in 
the  power  density  is  more  obvious  than  that  in  the  efficiency. 

It  is  also  seen  from  Figs.  3  and  4  that  the  efficiency  and 
power  density  of  the  hybrid  system  are  affected  by  the 
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Fig.  3  —  The  effects  of  operating  temperature  T  on  the  (a) 
power  density,  and  (b)  efficiency  of  the  hybrid  system, 
where  P^ax  is  the  maximum  power  density,  and  jP  is  the 
operating  current  density  corresponding  to  P^ax. 


operating  temperature  T,  and  the  thermal  conductance  of  the 
TEG  K.  It  is  seen  that  the  effects  of  operating  temperature  and 
thermal  conductance  on  the  efficiency  of  the  hybrid  system 
are  not  as  significant  as  that  on  the  power  density.  When  j  <jc 


Fig.  4  -  The  effects  of  heat  conductivity  K  on  the  (a)  power 
density,  and  (b)  efficiency  of  the  hybrid  system. 


or  j>jM,  the  efficiency  and  power  density  are  increased  with 
increasing  operating  temperature  T,  while  both  of  them  are 
not  sensitive  to  the  change  of  thermal  conductance  K.  The 
values  of  jc,  Jm  and  jP  shift  to  larger  ones  as  the  operating 
temperature  T  or  thermal  conductance  K  is  increased,  and  jP  is 
usually  located  between  jc  and  jM.  The  operating  current 


Table  2  —  The  values  of  j’c,  Jm.  jp  and  Pmax  for  different  operating  temperature  T  and  thermal  conductance  K,  where 
c3  =  1.0  W  m  2  K_1. 


T 

(K) 

K 

(W  K 1  m^1) 

jc 

(A/m2) 

j  M 

(A/m2) 

Ai=  Jm  -  jc 
(A/m2) 

jp 

(A/m2) 

P* 

A  max 

(W/m2) 

343 

0.01 

448 

832 

384 

717 

170.85 

0.015 

631 

1173 

542 

925 

190.36 

0.02 

807 

1483 

676 

1083 

193.09 

0.025 

976 

1747 

771 

1202 

183.50 

353 

0.01 

540 

1003 

463 

823 

191.39 

0.015 

759 

1400 

641 

1051 

204.48 

0.02 

967 

1734 

767 

1216 

195.25 

0.025 

1164 

1948 

784 

1334 

169.70 

363 

0.01 

630 

1168 

538 

924 

209.15 

0.015 

882 

1606 

724 

1166 

212.16 

0.02 

1119 

1914 

795 

1331 

186.46 

0.025 

1342 

1997 

655 

934 

170.00 
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density  interval  Aj  (=jM  -  jc)  that  the  TEG  exerts  its  function 
increases  as  the  operating  temperature  T  or  the  thermal 
conductance  K  is  increased.  It  is  also  seen  from  Fig.  4  (a)  that 
there  is  an  optimum  value  of  the  thermal  conductance  K  at 
which  the  maximum  power  density  can  be  expected.  For  the 
typical  parameters  given  in  Table  1,  the  optimum  value  of  K  is 
found  to  be  between  0.01  W  K-1  m”1  and  0.02  W  K-1  nr1. 
Based  on  numerical  calculation,  more  detailed  values  of  jc,  j‘m» 
Aj,  jP  and  P^ax  under  different  operating  temperature  T  and 
thermal  conductance  K  are  listed  in  Table  2.  It  is  interesting  to 
note  from  Table  2  that  there  is  a  counter-example,  i.e.,  the 
case  with  T  =  363  K  and  K  =  0.025  W  K-1  nr1,  that  jP  is  smaller 
than  jc  and  Aj  is  smaller  than  that  with  smaller  operating 
temperature  or  that  with  smaller  thermal  conductance.  For 
this  case,  the  maximum  power  density  of  the  hybrid  system  is 
the  same  as  that  of  the  sole  AFC,  and  thereby,  increasing  the 
equivalent  maximum  power  density  of  the  AFC  by  coupling  a 
multi-couple  TEG  to  the  AFC  is  in  vain.  In  practical  operation, 
engineers  should  carefully  choose  the  proper  pairs  of  oper¬ 
ating  temperature  of  AFC  and  thermal  conductance  of  TEG  to 
ensure  that  the  AFC-TEG  cogeneration  system  is  effective. 

The  influence  of  the  integrated  parameter,  c3,  on  the  per¬ 
formance  of  the  hybrid  system  is  clearly  shown  in  Fig.  5.  It  is 
observed  from  Fig.  5  that  this  influence  is  only  occurred  in  the 


Fig.  5  -  The  effects  of  integrated  parameter  c3  on  the  (a) 
power  density,  and  (b)  efficiency  of  the  hybrid  system. 


region  of  jc  <j  <j m,  the  power  density  and  efficiency  decrease 
with  the  increasing  parameter  c3,  while  the  current  densities 
jc,  j m,  and  jP  increase  as  the  parameter  c3  is  increased.  When 
the  heat-leak  from  the  AFC  to  the  environment  and  the 
regenerative  losses  in  the  regenerator  are  negligible,  i.e., 
c3  =  0,  the  fundamental  relation  between  the  operating  cur¬ 
rent  density  of  the  AFC  and  the  dimensionless  current  of  the 
TEG  can  be  reduced  from  Eq.  (16)  to 


2ZA 

J2  -  2ZTJ  -  2Z(T  -  T0)  +  — 
K 


'-Ah 


=  0. 


(20) 


For  this  case,  the  curves  of  the  power  density  and  efficiency 
varying  with  the  operating  current  density  are  shown  by  the 
black  solid  line  in  Fig.  5. 


Conclusions 

An  AFC-TEG  hybrid  system  composed  of  an  AFC,  a  multi¬ 
couple  TEG  and  a  regenerator  is  established  to  effectively 
recover  the  waste  heat  released  in  the  AFC.  By  considering  the 
main  thermodynamic-electrochemical  irreversibilities  in  the 
system,  the  analytical  expressions  of  the  performance  pa¬ 
rameters  for  the  hybrid  system  are  derived,  and  from  which 
the  general  performance  characteristics  are  revealed.  The 
operating  current  density  interval  that  the  TEG  exerts  its 
function  is  determined.  It  is  found  that  the  performance  of  the 
AFC  can  be  effectively  improved  by  coupling  a  TEG  to  the  AFC 
for  additional  power  generation,  and  the  improvement  in  the 
efficiency  is  less  significant  as  that  of  the  power  density.  The 
influences  of  the  operating  temperature  and  operating  current 
density  of  the  AFC,  thermal  conductance  of  the  TEG  and  in¬ 
tegrated  parameter  c3  on  the  performance  of  the  hybrid  sys¬ 
tem  are  revealed.  The  results  obtained  in  the  paper  may  offer 
some  theoretical  guidance  for  the  performance  improvement 
of  an  AFC  through  cogeneration  systems. 
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